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Abstract 
In order to develop a new technique to evaluate fatigue damage non-destructively based on magnetic information, changes in the 
magnetic flux density around fatigue cracks during their propagation process were observed. The correlation between the change 
behavior of the distribution of the magnetic flux density and the stress intensity factor was examined. Four-point bending fatigue 
tests were carried out under six different conditions on JIS SCM440 steel specimens with an artificial slit. Magnetic flux density 
distributions near the fatigue crack tips were observed using a newly developed apparatus consisting of an MI sensor (Magneto-
Impedance sensor) and an x-y stage. It was found that the distribution of magnetic flux density moved with crack propagation. A 
strong correlation between the movements of the magnetic flux density distribution and stress intensity factor was recognized, 
regardless of the loading conditions, maximum load or stress ratio. The results suggest that non-destructive evaluation of the 
stress intensity factor of fatigue cracks would be possible using this relationship.
  
Keywords: NDT; Fatigue Crack; Crack propagation; Stress intensity factor; Magnetic flux density; MI sensor
1. Introduction 
The objective of our study is to develop a new technique to evaluate fatigue damage non-destructively based on 
magnetic information. In our previous study [1-4], four-point bending fatigue tests were carried out for a steel 
specimen with an artificial slit, and the magnetic flux density distribution on the line along the fatigue crack was 
measured using a Hall probe. Changes in the magnetic flux density distribution in the crack propagation process 
were investigated. It was revealed that the magnetic flux density distribution moved in the crack propagation 
direction, and there was a strong correlation between this movement and the stress intensity factor. In order to 
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further study the relationship between fatigue cracks and magnetic flux density, it is necessary to observe the 2-
dimensional distribution of the magnetic flux density near the fatigue cracks.  
In this study, 2-dimensional distribution of the magnetic flux density near fatigue cracks initiated under various 
loading conditions was observed using a newly developed apparatus consisting of an MI sensor (Magneto-
Impedance sensor) and an x-y stage. The movement of the magnetic flux density distribution in the crack 
propagation process and its correlation with the stress intensity factor are discussed. 
 
 
Nomenclature 
 
a crack length 
B magnetic flux density  
f frequency of fatigue test 
K stress intensity factor 
N number of cycles 
P load 
R stress ratio 
Xc x-component of the position of the centre of gravity of the magnetic flux density distribution calculated by 
treating the magnetic field as a gravity field
Yc y-component of the position of the centre of gravity of the magnetic flux density distribution calculated by 
treating the magnetic field as a gravity field
 
2. Experimental method 
2.1. Specimen 
The material used for the specimens in this study was chromium molybdenum steel, JIS SCM440. Figure 1 
shows the shape and dimensions of the specimen, which were 125 mm (width) × 25 mm (height) × 10 mm 
(thickness). On one side and at the centre of the specimens, artificial slits with length = 2.0 mm and tip radius U = 
100 Pm were made by wire electrical discharge machining. The surface was finished by polishing with abrasive 
paper #2000. The hardness of the specimen was about HV200. 
 
2.2. Crack growth tests 
In this study, four-point bending fatigue tests were carried out using an electro-hydraulic servo fatigue testing 
machine (PSB-06, TAKES Group Ltd., Japan). Figure 2 shows the four-point bending loading jigs. The support 
span was 100 mm and the load span was 50 mm. Table 1 shows the conditions of the fatigue tests. Six different 
fatigue tests were carried out at a constant frequency of 20 Hz, under maximum loads Pmax of 15.8 and 19.7 kN, and 
with stress ratios R of 0.1, 0.2 and 0.4. 
In order to measure the crack length and to observe the distribution of the magnetic flux density around the 
fatigue crack, the fatigue tests were sometimes interrupted. A digital microscope (VH8000, KEYENCE, Japan) was 
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used for the measurement of the crack length. The method used to observe the distribution of the magnetic flux 
density around the crack is described in the following section. 
 
 
  
Fig. 1. Shape and dimensions of the fatigue specimen.  Fig. 2. Test jigs used for the four-point bending fatigue test. 
 
Table 1. Conditions of the fatigue tests 
Frequency, f  [Hz]
Stress ratio, R
Maximum load, P max  [kN] 15.8 19.7 15.8 19.7 15.8 19.7
0.1 0.2 0.4
20
 
 
2.3. Measurement of magnetic flux density distribution 
Figure 3 shows a photograph of the apparatus used for measurement of the magnetic flux density distribution 
near the fatigue crack. The apparatus included a magnetic sensor, an x-y stage and a personal computer. An MI 
sensor (AMI201, Aichi Micro Intelligent Corporation, Japan) was used as the magnetic sensor in this apparatus. The 
measurement range of AMI201 is ±0.3mT. 
 
 
           
Fig. 3. Apparatus for observations of the magnetic flux density distribution. Fig. 4. Measurement region of magnetic flux density. 
 
Figure 4 shows a schematic illustration of the measurement region of the magnetic flux density. In this study, the
xyz coordinate system illustrated in Fig. 4 was used. By scanning the MI sensor on a 14 mm × 7.6 mm region at a 
height of 100 Pm from the specimen surface, as shown in Fig. 4, the magnetic flux density at each point in this 
MI sensor 
XY stage Specimen 
Specimen 
Artificial slit 
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region was measured. The scanning step was 0.2 mm in both the x and y directions and the measuring time step was 
1 sec/step. In this study, the x-component Bx of the magnetic flux density at each point was measured. 
 
3. Experimental results and discussion 
3.1. Results of crack growth tests  
Four-point bending fatigue tests were carried out using the method described in chapter 2. Figure 5 shows the 
propagation behavior of a fatigue crack initiated at the tip of the artificial slit under a stress ratio R=0.1 and a 
maximum load Pmax=15.8 kN. Figures 5(a) and (b) correspond to a number of cycles of N=1.0×105 and N=1.5×105, 
respectively. The fatigue crack propagates in the y direction in a straight line.  
Figure 6 shows the relationship between the number of cycles N and the crack length a, which includes the length 
of the artificial slit. Figure 7 shows the relationship between the crack propagation rate da/dN and the stress intensity 
factor range 'K. The stress intensity factors of the cracks under the four-point bending loading were calculated 
using Nishitani and Mori’s equations [2]. 
 
 
 
(a) N=1.0×105     (b) N=1.5×105 
Fig. 5. Crack propagation behavior (Maximum load Pmax=15.8kN, Stress ratio R=0.1).
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Fig. 6. Relationship between crack length a and number of cycles N.   Fig.7. Relationship between da/dN and 'K.
 
3.2. Distribution of magnetic flux density near fatigue crack 
Figure 8 shows examples of the measured distributions of magnetic flux density Bx around propagating fatigue 
cracks. Figures 8(a) and (b) correspond to conditions of (Pmax=15.8 kN, R=0.1) and (Pmax=19.7 kN, R=0.1), 
500Pm 
Crack tip 
500Pm 
Crack tip 
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respectively. For Pmax=15.8 kN and R=0.1, the crack initiated at about N=1.0×105, and the test was finished at 
N=3.4×105. For Pmax=19.7kN and R=0.1, the crack initiated at about N=7.0×104, and the test was finished at 
N=1.65×105.  
In both Fig. 8(a) and (b), the trough parts of the magnetic flux density Bx appear near the fatigue cracks; these 
expanded and moved with crack propagation. A similar tendency was recognized in all specimens regardless of the 
fatigue test conditions.  
In order to evaluate the movement of the trough parts qualitatively, the position (Xc, Yc) of the centre of gravity of 
the distribution of Bx for different number of cycles N was calculated by treating the magnetic field as a gravity field. 
The obtained position (Xc, Yc) is plotted in each figure as a blue point. As the crack propagates, the blue point moves 
in the positive y direction (crack propagation direction). The relationship between Yc and the crack length a is shown 
in Fig. 9, where a good correlation can be observed. 
Since the stress intensity factor K is proportional to the square root of the crack length a, a good correlation 
would also be expected to exist between Yc1/2 and K. As shown in Fig. 10, this is actually the case, regardless of Pmax 
and R. This suggests that non-destructive evaluation of the stress intensity factor of fatigue cracks could be carried 
out using this relationship. 
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Fig. 8. Changes in the magnetic flux density distribution Bx around fatigue cracks during propagation. 
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Fig.9. Relationship between Yc and a.     Fig.10. Relationship between Yc1/2 and Kmax. 
 
4. Conclusions 
In this study, four-point bending fatigue tests were carried out under six different loading conditions for JIS 
SCM440 steel specimens with an artificial slit, and the magnetic flux density distributions near the fatigue crack tips 
were observed. The variation of the magnetic flux density distribution in the crack propagation process was 
investigated. A trough in the distribution was found near the fatigue crack, which expanded and moved with crack 
propagation. In order to evaluate its movement qualitatively, the position (Xc, Yc) of the centre of gravity of the 
distribution for different number of cycles was calculated by treating the magnetic field as a gravity field. A good 
correlation between Yc and the crack length a was observed. A strong correlation was also found between K and Yc1/2, 
regardless of the maximum load or stress ratio. Thus, non-destructive evaluation of the stress intensity factor for 
fatigue cracks is expected to be possible using this relationship. 
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